Huang HS, Ma MC, Chen J. Low-vitamin E diet exacerbates calcium oxalate crystal formation via enhanced oxidative stress in rat hyperoxaluric kidney. Am J Physiol Renal Physiol 295: F34-F45, 2008. First published September 17, 2008 doi:10.1152/ajprenal.90309.2008.-Vitamin E was previously reported to reduce calcium oxalate (CaOx) crystal formation. This study explored whether vitamin E deficiency affects intrarenal oxidative stress and accelerates crystal deposition in hyperoxaluria. The control (C) group of rats received a standard diet and drinking water, while the experimental groups received 0.75% ethylene glycol (EG) in drinking water for 42 days. Of the latter, one group received a standard diet (EG group), one received a low-vitamin E (LE) diet (EGϩLE group), and the last received an LE diet with vitamin E supplement (4 mg) (EGϩLEϩE group). The CϩLE and CϩLEϩE groups were the specific controls for the last two experimental groups, respectively. In a separate experiment, EG and EGϩLE rats were studied on days 3-42 to examine the temporal relationship between oxidative change and crystal formation. Urinary biochemistry and activity/levels of antioxidative and oxidative enzymes in glomeruli and tubulointerstitial specimens (TIS) were examined. In EG rats, CaOx crystal accumulation was associated with low antioxidative enzyme activity in TIS and with increased oxidative enzyme expression in glomeruli. In the EGϩLE group, marked changes in antioxidative and oxidative enzyme levels were seen and correlated with massive CaOx deposition and tubular damage. The increased oxidative stress seen with EGϩLE treatment was largely reversed by vitamin E supplementation. A temporal study showed that decrease in antioxidative defense and increased free radical formation in the EGϩLE group occurred before crystal deposition. This study shows that low vitamin E disrupts the redox balance and causes cell death, thereby favoring crystal formation. antioxidative proteins; free radicals; hyperoxaluria CALCIUM OXALATE (CaOx) crystal formation is a multifaceted and complex process that involves a series of chemical, physical, biochemical, and physiological events (6, 10, 16). The principal causative agent for the formation of calcium salt crystals is thought to be supersaturation that causes the precipitation of salts in urine. However, even though urine is supersaturated with calcium and oxalate ions in normal subjects, stones do not form because of the presence of inhibitors and other unknown mechanisms (22).
CALCIUM OXALATE (CaOx) crystal formation is a multifaceted and complex process that involves a series of chemical, physical, biochemical, and physiological events (6, 10, 16) . The principal causative agent for the formation of calcium salt crystals is thought to be supersaturation that causes the precipitation of salts in urine. However, even though urine is supersaturated with calcium and oxalate ions in normal subjects, stones do not form because of the presence of inhibitors and other unknown mechanisms (22) .
Membrane injury is suggested to be the primary event in CaOx crystal binding, and oxalate-induced free radicals are significant causative factors in membrane injury (11, 12, 25) . This injury leads to lipid and protein peroxidation and altered biochemical reactions, including depletion of the antioxidant defense system (25) . On the basis of these findings, we hypothesized that if renal tubular injury due to increased oxidative stress caused by hyperoxaluria can be prevented, CaOx crystal accumulation in the kidneys can also be prevented.
Vitamin E is known to act as a chain-breaking antioxidant that prevents the propagation of free radical reactions. Administration of vitamin E can ameliorate injury caused by free radical-mediated lipid peroxidation, as in the aging of rat kidneys (21) . In urolithiasis, Selvam (25) summarized the experimental results in urolithic rats induced by different agents and found that levels of the major antioxidative enzymes in the kidney are decreased, as are levels of free radical scavengers, such as vitamin E, ascorbic acid, and protein thiol. Vitamin E treatment can overcome renal tubular injury and prevent crystal deposition in the cyclosporin-induced hyperoxaluric rat kidney (26) . However, the mechanism by which vitamin E affects the formation of renal CaOx crystals has not been fully evaluated. Our previous results show that vitamin E can reduce CaOx accumulation by the attenuation of tubular cell death and the enhancement of the defensive roles of osteopontin and Tamm-Horsfall protein (14) .
Several animal models have been developed to investigate hyperoxaluria and its consequences (1) . Ethylene glycol (EG, 0.75%) consumption can lead to hyperoxaluria and crystal deposition, which are associated with lipid peroxidation and injury to the renal epithelium in a rat model (11, 12) . However, some authors have suggested that EG consumption may lead to multiorgan injuries by its metabolites and metabolic acidosis (23) . Green et al. (7) found that metabolic acidosis does not develop in conventional EG treatment but may cause renal insufficiency resulting from an oxalate load. Guo et al. (8) also found that CaOx, and not glyoxylate or glycolaldehyde, is the toxic metabolite responsible for renal toxicity of EG. Therefore, EG (0.75%) was chosen to induce hyperoxaluria in this study.
Tissue injury is caused by imbalance between the generation of free radicals and the tissue antioxidant defense system. Our present study aimed to evaluate whether a low vitamin E (LE) diet causes changes in major antioxidative enzymes and in the generation of free radicals in hyperoxaluric kidneys of EGtreated male Wistar rats. The expression of xanthine oxidase (XO) and gp91 phox -containing NAD(P)H oxidase (as gp91 phox ) inside the kidneys was examined. Changes in urinary supersaturation of CaOx were also evaluated to see whether low vitamin E influences crystal formation.
METHODS
Chronic hyperoxaluric model. Male Wistar rats (200 -250 g, Laboratory Animal Center, National Taiwan University) were housed at a constant temperature and in a light-dark cycle with light from 0700 to 1800. All experiment protocols and animal care were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1997) and were approved by the Institutional Animal Care and Use Committee of the National Taiwan University College of Medicine. Six groups of rats were included in this study. The control (C) group consisted of rats fed with a standard rat diet (PMI Nutrition International, Purina Mills, containing Ͻ33 mg/kg vitamin E) and supplied with drinking water. The experimental groups were given 0.75% EG in the drinking water to induce hyperoxaluria, as described previously (11) (12) (13) (14) . Rats receiving only this treatment were termed the EG group. The other two test groups received a LE diet.
In our preliminary observations, we found that rats did not eat a diet without any tocopherol, so the LE diet was prepared by mixing standard diet and a tocopherol-deficient rat diet (ICN Biomedicals, Aurora, OH) in the ratio of 1:5. The EGϩLE group received this treatment, while the EGϩLEϩE group was also given vitamin E (ICN Biomedicals) intraperitoneally (8 mg/wk), as described previously (14) . The CϩLE and CϩLEϩE rats were the two specific controls for the EGϩLE and EGϩLEϩE groups, respectively, and received the same regimen but no EG in their drinking water. Each group consisted of 10 rats. The animals were placed in metabolic cages 3 days before the experiment, as described previously (12, 14) .
Urine was collected for 24 h before death and centrifuged to remove sediments. The supernatants were examined for pH and levels of oxalate, creatinine (Cr), calcium, phosphate, magnesium, citrate, and tubular enzymes N-acetyl-␤-glucosaminidase (NAG) and ␤-galactosidase (Gal), as described previously (11, 12) . Urinary levels of oxalate and lipid peroxides malondialdehyde (MDA) and thiobarbituric acid-reactive substance (TBARS) were measured (13) . All assays were performed in duplicate for each sample and expressed per gram or milligram of urinary Cr. Urinary supersaturation with respect to CaOx was assessed with the index proposed previously (14, 30) .
Free radical production examined by chemiluminescence analysis. Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione, Sigma, St. Louis, MO) can be excited by oxygen radicals, and it then emits light when returning to a ground state (12) . The extracellular and intracellular production of reactive oxygen species (ROS) can be determined with this technique (12) . Luminol-enhanced chemiluminescence (CL) is a reliable method for measuring superoxide generation in the tissue (5) Therefore, after injection into the kidney luminol can react with superoxide produced in the kidney and then be detected. In the present study, CL counts on the kidney surface were compared among the different groups. In brief, the rats were anesthetized with pentobarbital sodium (50 mg/kg ip) and placed in a sample chamber (model TLU-17, CLD-110, Tohoku Electronic Industrial), and their kidneys were subjected to CL assay. To exclude photons from sources other than the kidney CL, the animals were housed in a completely dark box with a shielded plate. Only the renal window was left unshielded and positioned under a reflector, which reflected the photons from the exposed kidney onto the photosensitive area of the detector. To record superoxide production optically, 1.0 ml of 0.015 mmol/l luminol was infused directly into the kidneys via the renal artery for 500 s. Six rats from each group were studied.
Vitamin E assayed by high-performance liquid chromatography. Serum vitamin E levels were measured by high-performance liquid chromatography (HPLC) with electrochemical detection, as described by Kadkhodaee et al. (15) . All of the steps were performed at room temperature. Two hundred microliters of plasma was placed in a tube, and then 800 l of phosphate buffer, 1 ml of 6% pyrogallol solution in ethanol, and 1 ml of tocol solution in ethanol (2 g/ml; internal standard) were added. The mixture was incubated for 2 min at 70°C; then 0.2 ml of 60% KOH was added and saponification was performed at 70°C for 30 min. Five milliliters of n-hexane was then added, and the sample was shaken vigorously for 5 min.
After centrifugation at ϳ620 g for 5 min, 4 ml of the hexane layer was removed and evaporated. The residue was dissolved in 100 l of ethanol, and 5 l was injected onto the HPLC system (Agilent Technologies) with a reverse-phase 4.6 ϫ 250-mm column (Zorbax C18, Agilent Technologies). The eluent was a mixture of methanolwater-NaClO4 in a ratio of 1,000:2:7 (vol/vol/wt), and the flow rate was 1.0 ml/min.
CaOx crystal and superoxide formation in situ and in ED1-positive cells. The total amount of crystal formation was assumed to be equal to the CaOx crystal deposition in the kidneys and crystals found in the urinary bladder and 24-h urinary specimen (14) .
Debris of 24-h urine samples and bladder urine collected at the time of death were gathered together to examine for the presence of CaOx crystals by polarized microscopy after placement in an oven for 48 -72 h. The sediments were weighed until the dry weight was stable.
Because only at the organ surface can luminol-enhanced CL be measured by a CL analyzing system after intrarenal arterial luminol injection (5, 12), we conducted a nitro blue tetrazolium (NBT) perfusion test to localize de novo ROS production in the kidney. After being anesthetized with pentobarbital sodium, the rats received transcardiac perfusion with phosphate-buffered saline (PBS) and were then perfused with 40 mg of NBT (1 mg/ml) by the same route as described previously (12, 14) . After right nephrectomy, the left kidney was perfused with a 1 mg/ml solution of NBT at 4°C and a rate of 2 ml/min for 20 min. The perfused kidney was then fixed and embedded in paraffin, and 5-m sections were prepared. Some of the tissue slices were prepared for staining with hematoxylin and eosin and examined by polarizing microscopy (model BH-2, Olympus, Tokyo, Japan) for the presence of CaOx crystals as described previously (12, 14) . In brief, the extent of CaOx crystal deposit was graded semiquantitatively into four grades raging from "no crystal deposit" (grade 0) to "massive crystal deposits" (grade III) (12) .
The other slices were deparaffinized for light microscopy to localize superoxide generation by the deposition of blue formazan particles (11, 12) and scored (at ϫ400) as 0ϩ to 4ϩ, where 0ϩ equals 0 -100 formazan particles per field, 1ϩ is 101-200, 2ϩ is 201-300, 3ϩ is 301-400, and 4ϩ is 401-500. The antigen ED1, which is specific for monocytes and macrophages, was detected with monoclonal anti-ED1 antibodies (Serotec, Oxford, UK; diluted 1/1,000) as described previously (11) . The number of ED1-positive cells was counted under ϫ400 magnification by light microscopy, and five areas were counted to obtain the mean count on each section.
Isolation of glomeruli and tubulointerstitial specimens. Glomeruli and tubulointerstitial specimens (TIS) were isolated as described previously (5, 9) . In brief, minced renal cortex tissue from the right kidney was flushed through three steel sieves (300, 150, and 75 m) with ice-cold PBS. The glomeruli were recovered from the 75-m sieve, washed, and resuspended in PBS at 4°C. Light microscopy showed the purity of the glomeruli at 92-98%. TIS were taken from the 150-m sieve, washed, and resuspended in PBS at 4°C.
Measurement of antioxidant enzyme activities. The enzymatic activities of copper/zinc superoxide dismutase (Cu/ZnSOD), manganese superoxide (MnSOD), glutathione peroxidase (GPx), and catalase (Cat) in the glomeruli and TIS were measured with commercial kits (Oxis International, Portland, OR) as described previously (12) . Samples were assayed in duplicate and the results expressed as units of activity per milligram of renal tissue protein.
Western blot analysis. Levels of Cat, GPx, Cu/ZnSOD, and MnSOD were examined by immunoblotting. All of the procedures were performed as described previously (14, 19) . In brief, the same amount of protein from each preparation was separated on SDS polyacrylamide gels under denaturing conditions and electrophoretically transferred to a nitrocellulose membrane (Amersham, Little Chalfont, UK). The membrane was incubated overnight at 4°C with polyclonal rabbit anti-MnSOD, anti-Cu/ZnSOD, anti-Cat, or anti-GPx antibodies (1:1,000; The Binding Site, Birmingham, UK), monoclonal mouse anti-XO or anti-gp91 phox antibody (1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA), or anti-␤-actin antibody (1:1,000; Sigma). After washing, the membrane was incubated for 1 h at room temperature with anti-rabbit or anti-mouse IgG antibody conjugated to horseradish peroxidase (1:200; Vector).
Bound antibody was visualized with a commercial enhanced chemiluminescence (ECL) kit (Amersham-Pharmacia) and Kodak film. The density of the bands for MnSOD (25 kDa), Cu/ZnSOD (16 kDa), Cat (60 kDa), GPx (92 kDa), XO (105 kDa), and gp91 phox (90 kDa) was measured semiquantitatively by densitometry using an image analytical system (Diagnostic Instruments). The level of each protein was expressed relative to the amount of ␤-actin.
Temporal changes in antioxidant-oxidant balance in EG and EGϩLE kidneys. In this experiment, the causal relationship between antioxidative enzyme activity, superoxide production, and changes in renal function and the CaOx crystal formation induced by the LE diet were examined. The EG and EGϩLE groups were studied at time points of 3, 7, 14, 21, and 42 days, with six animals examined at each time point. The methods for animal care and sample collection were as described above.
Statistical analyses. Numerical data are presented as means Ϯ SE. Differences between subgroups were analyzed with an unpaired t-test or one-way ANOVA, and Duncan's multiple-range test was used to compare subgroups. The Pearson product-moment correlation method was used to determine the correlation coefficient between the changes in scores of formazan particles in kidney tissues and the changes in CL amounts detected from the kidney surface. Differences were regarded as significant at a P value of Ͻ0.05.
RESULTS

Effect of low-vitamin E diet on body data, urinary biochemistry, and CaOx crystal formation.
The EGϩLE group had significantly lower body weight but higher kidney weight than the other groups. Food intake, urine output, and urinary citrate excretion showed no significant differences among the groups. Compared with the control group, the EG group showed significantly decreased serum vitamin E levels, significantly higher urinary levels of oxalate, renal tubular enzymes NAG and Gal, and lipid peroxides MDA and TBARS, grade II-III CaOx crystal deposition, and a significantly higher urinary index of the ion-activity product of CaOx [AP(CaOx) index]. The EGϩLE group showed grade III CaOx crystal deposition, significantly decreased Cr clearance (Ccr) and serum vitamin E levels, and significantly increased urine protein, AP(CaOx) index, and urinary excretion of NAG, Gal, MDA, and TBARS. The left kidney also was heavier than that of the control group. In the EGϩLEϩE group, the changes in parameters were similar to those in the EG group, except that CaOx crystal deposition was grade I-II. These results are shown in Table 1 .
In situ CaOx deposition. No CaOx crystals were observed in the renal sections of the control group (Fig. 1A) , but they were seen in both the renal cortex and the medulla of the EG group (Fig. 1B) . In the EGϩLE group, CaOx crystal deposition, associated with obvious renal tubular dilatation, was seen in the kidneys (Fig. 1C) , together with atrophic tubular cells and a widened interstitial space (Fig. 1E ). In the EGϩLEϩE group, an accumulation of CaOx crystals in the tubular lumen was noted (Fig. 1D ), but most crystals were deposited in the tubular segments of the renal medulla. The results of the CϩLE and CϩLEϩE groups were similar to those of the C group (photographs not shown).
Changes in urinary sediment. Urinary sediments were examined by polar microscopy. The sediment samples from the different groups all contained weddellite (a component of CaOx) (Fig. 2, A-D) . Some amorphous, tubulelike substances could be seen among, or attached to, these sediments (data not shown). The dry weight of the urinary sediment was significantly higher in the EG, EGϩLE, and EGϩLEϩE groups than in the control group, while that in the EGϩLE group was significantly higher than those in the EG and EGϩLEϩE groups (Fig. 2E) .
Detection of superoxide formation in situ and kidney surface CL measurement. The NBT dye is reduced to an insoluble blue formazan derivative when exposed to superoxide. In the control group (Fig. 3A) , only a few blue formazan particles were noted, and these were mainly located in the tubular structures of the renal cortex and were scored 0ϩ to 1ϩ. In the EG group (Fig. 3B) , the blue formazan particles were denser and deposited in the basolateral membrane of the renal tubules (scores 2ϩ to 3ϩ). In the EGϩLE group (Fig. 3C ), these particles were smaller than those in the EG group and were deposited in the atrophic tubular epithelium of the dilated renal tubules (3ϩ to 4ϩ). In the EGϩLEϩE group (Fig. 3D) , formazan particle density was lower than that in the EG and EGϩLE groups and the particles were deposited on the outer margin of the renal tubules, with scores 1ϩ to 2ϩ. As shown in Fig. 3E , luminol-enhanced CL measured directly from the kidney surface was 2,847.3 Ϯ 214.9 counts in control rats, 3,691.4 Ϯ 355.4 counts in the EG group (P Ͻ 0.05), 5,733.8 Ϯ 597.2 counts in the EGϩLE group (P Ͻ 0.05), and 3,099.1 Ϯ 321.6 counts in the EGϩLEϩE group (P Ͻ 0.05). The CL value in the EGϩLE group was significantly higher than those in the EG and EGϩLEϩE groups. Figure 3F shows that the changes in scores of formazan particles in kidney tissues were positively and well correlated with the changes in CL amounts detected from kidney surface (r 2 ϭ 0.9508, P Ͻ 0.05).
Changes in enzyme activity and levels of antioxidative and oxidative proteins. In glomeruli, the EG group showed no significant changes in any antioxidative enzyme activity compared with the controls (Table 2) . However, the EGϩLE group showed a significant decrease in glomerular activities of Cat and MnSOD compared with the control and EG groups. This effect was totally prevented by vitamin E supplementation, as shown in the EGϩLEϩE group. Figure 4 , A-D, shows the Western blot analyses of the levels of the antioxidative enzymes in glomeruli. No difference was seen between the control and EG groups. In the EGϩLE group, the levels of all four antioxidative enzymes were decreased compared with the control and EG groups, but this was reversed by vitamin E supplementation. Figure 4 , E and F, show the levels of the oxidative proteins XO and gp91 phox , which were significantly increased in the glomerular samples in the EG and EGϩLEϩE groups compared with the controls, while the EGϩLE group showed increased levels of XO but not gp91 phox . In TIS, all four antioxidative proteins in the EG group showed a significant decease in enzyme activity compared with the controls (Table 2 ), but their protein levels were similar (Fig. 5, A-D) . Low enzyme activity of all four antioxidative proteins was seen in the EGϩLE group. In particular, the activities of Cat, Cu/ZnSOD, and MnSOD were lower than those in the EG group (Table 2) , and these changes in enzyme activities were associated with lower protein levels in the same TIS sample (Fig. 5, A-D) .
Vitamin E supplementation (EGϩLEϩE group) restored protein levels to those in the control group (Fig. 5, A-D) but the enzyme activities were still low compared with controls but not the EG group (Table 2) . A significant increase in gp91 phox and XO protein levels in TIS was seen in the EGϩLE group compared with the control and EG groups, but this was reversed by vitamin E treatment (EGϩLEϩE group) (Fig. 5, E  and F) . The results of the CϩLE and CϩLEϩE groups were similar to those of the C groups (not shown).
Temporal changes in intrarenal oxidative state and CaOx crystal formation.
The above results showed that an LE diet exacerbated EG-induced CaOx crystal deposition and was associated with excessive oxidative stress. Temporal changes in CaOx crystal formation and intrarenal oxidative state in the TIS after hyperoxaluria with or without an LE diet were studied to clarify causal relationships. As shown in Table 3 , compared with the EG group, Cat activity was significantly decreased on day 3 in the EGϩLE group, and this persisted to day 42. Low GPx activity was seen in the EGϩLE group at all time points. Compared with the EG group, their differences became significant on days 3, 7, and 14.
In terms of SOD activity, MnSOD activity was significantly decreased at all time points in the EGϩLE group, while a significant decrease in Cu/ZnSOD activity was seen only on day 42. Compared with the EG group, serum levels of vitamin E in the EGϩLE group were significantly decreased over the whole experimental course. Although lower levels of MDA were found on day 14 compared with day 3 in the EG group, high levels of MDA were seen at all time points in the EGϩLE group.
On day 42, kidney weight in the EGϩLE group was almost double that of the control group (data not shown) and was significantly higher than that in the EG group. This was associated with severe impairment of renal function, as shown by a low Ccr.
In situ detection of superoxide anion by NBT and costaining with anti-ED1 antibodies (Fig. 6) showed that the number of formazan particles increased on days 3 (scores 2ϩ to 3ϩ), 7 (score 2ϩ), 21 (scores 1ϩ to 2ϩ), and 42 (scores 2ϩ to 3ϩ) in the EG group compared with controls. In the EGϩLE group, blue formazan particles were seen on days 3 (score 3ϩ), 7 (scores 2ϩ to 3ϩ), and 21 and 42 (scores 3ϩ to 4ϩ). In the EG group, the number of ED1-positive cells increased on day 21 Figure 7 shows the degree of CaOx crystal deposition in both groups. In the EG group, it was hard to find any CaOx deposition. Grade 0 -I CaOx crystal deposition was seen in kidneys on day 7, which persisted with increased grading to grades 0 -II on day 21 and grades II-III on day 42. In the EGϩLE group, grade 0 -I CaOx crystal deposition was observed in renal tubule on day 3, becoming grade III on day 14 and persisting at this level to day 42.
DISCUSSION
Consistent with our previous findings (13, 14) , the present study showed that in chronic hyperoxaluria the kidneys contained many CaOx crystal deposits and increased in weight. This was accompanied by changes in urinary sediment and epithelial cell damage, as shown by increased excretion of renal tubular enzymes. Oxidative stress was revealed by an imbalance between antioxidative and oxidative protein activities or levels, measurable renal excretion of lipid peroxide, decreased serum vitamin E levels, and increased superoxide formation in the kidneys, which was demonstrated directly by recording the CL from the kidney surface and indirectly by NBT staining in situ.
When EG rats were fed with a low-vitamin E diet, a further decrease in the levels and activities of the major renal antioxidative enzymes in the TIS was noted, which was associated with increased levels of gp91 phox and XO, increased superoxide formation, and increased levels of urinary lipid peroxides. These resulted in further exacerbation of the oxidant-antioxidant imbalance in kidneys of the EGϩLE group. After supplementation with vitamin E (EGϩLEϩE group), the reduction in antioxidative enzymes and the increase in oxidant protein levels were partially, or completely, reversed.
Low-vitamin E diet increases intrarenal oxidative stress caused by hyperoxaluria. With respect to antioxidative enzymes, our results showed that enzyme activities in EG rats were significantly decreased in TIS but not in the glomerular samples compared with the controls. This observation was accompanied by tubular cell damage, as shown by increased excretion of the specific tubular marker enzymes, Gal and NAG. In the EG rats, no significant change in glomerular morphology was seen on microscopic examination. There was no proteinuria and the Ccr was normal, which implies that the toxic effect of chronic hyperoxaluria mainly affects the renal phox (E), and xanthine oxidase (XO, F) in the glomerular sample from the different groups are shown. Relative densities of bands were determined by densitometric analysis. Results of CϩLE and CϩLEϩE groups were similar to those of control group (data not shown). *P Ͻ 0.05 vs. control group. C, control; EG, 0.75% ethylene glycol; LE, low vitamin E treatment; E, supplementation with vitamin E; P, positive control sample from a control rat; DU, densitometric unit. medullary tubules and interstitium. However, with depletion of vitamin E, EG-induced hyperoxaluria resulted in both glomerular and tubulointerstitial damage by histological examination (Fig. 1) , which was associated with low antioxidative enzyme activity, a profound proteinuria, and impaired Ccr in the EGϩLE kidneys (Tables 1-3 ). These results implied that glomerular damage is very likely to occur with time in the hyperoxaluric kidney as long as the oxidative injury is high enough as shown in the EGϩLE rats. In the present results, low enzyme activities of GPx and SODs but unchanged protein expression were seen in TIS of the EG and EGϩLEϩE kidneys with minor tissue injury. However, low enzyme activities coinciding with decreased protein expression of GPx and SODs in TIS or glomeruli were seen in the EGϩLE kidney with severe tissue damage. The mechanism by which their activities were decreased remains unknown but is probably related to the toxic effect of hyperoxaluria and CaOx crystal. A nonlinear relationship or a threshold phenomenon may present between tissue damage and the enzyme levels in this disease state, which needs further evaluation.
However, we cannot exclude the possibility of oxidative stress in the renal cortex, because a measurable increment in the CL on the kidney surface was found, suggesting the existence of an antioxidant-oxidant imbalance in the cortical region. This is consistent with the result of increased expression of gp91 phox and XO in the glomerular samples. With a low-vitamin E diet, the enhanced oxidant-antioxidant imbalance caused more profound oxidative injury and worse renal function, as shown by a decreased Ccr and severe proteinuria. In this situation, massive tubular cell death exposes the basement membrane to the urine stream (17) , increasing the opportunity for the degraded structure to act as a seed for CaOx crystal formation or deposition, which in turn causes the gradual disruption of the tubular structure and lumen dilatation. The increased dry weight of the urinary sediment confirmed this observation. Furthermore, a larger number of small crystals were found in the urinary sediments of EGϩLE rats, which implied that EGϩLE rats exhibited higher CaOx nucleation rate than EG rats, although urinary oxalate levels and AP(CaOx) index showed no significant difference between these two groups.
Low-vitamin E diet increases CaOx crystal formation induced by EG. The most significant finding in the present study was that in the EGϩLE group CaOx crystals were clustered together inside the tubules and excreted into the urine, increasing the amount of urinary sediment. Marked CaOx crystal deposition profoundly affected the tubular epithelium, predisposing the cells to atrophic changes and resulting in dilated renal tubules (data not shown). Some epithelial cells lacking a nucleus were also seen (Fig. 1E) . The size of the glomerulus was reduced, but the renal interstitium was widened by cellular infiltration. These pathological findings were compatible with functional decrement, implying that a low-vitamin E diet exacerbates the renal insufficiency seen in EG-induced hyperoxaluria.
This hypothesis was further confirmed by the results in the EGϩLEϩE group, in which crystal accumulation and renal function improved after the vitamin E-deficient food was overcome, although their serum vitamin E levels were still low. This may be one of the reasons why the kidneys showed grade I CaOx accumulation in this group. However, after vitamin E supplementation, the protein levels of the antioxidative enzymes were elevated to levels similar to the control group and their enzyme activities returned to the same level as in the EG group. Levels of oxidative enzymes in the TIS also returned to control levels, although levels of both XO and gp91 phox were still increased in the glomeruli.
Azzi et al. (1, 2) suggested that the inhibition of a number of important cellular reactions by ␣-tocopherol can be traced back to its effect on protein kinase C (PKC) and that this effect is independent of its antioxidant/radical scavenging ability. Inhibition of PKC in monocytes prevents the phosphorylation and translocation of cytosolic p47, thus preventing its assembly into NADPH oxidase and reducing superoxide production (1). As such, superoxide production may increase under conditions of vitamin E deprivation and oxidative stress elevation caused by reduced expression and activities of antioxidative enzymes, which all together accelerates the process of CaOx crystal formation. On the basis of these results, we hypothesize that enhanced oxidative stress might cause renal functional impairment and subsequently enhance CaOx crystal formation.
Enhanced oxidative stress causes severe CaOx crystal deposition after low-vitamin E treatment. In the EG group, serum vitamin E levels were maintained in the normal range for the first 14 days, while renal activities of MnSOD and Cat were Vao day nghe bai nay di ban http://www.freewebtown.com/ gaigoisaigon/ increased. These changes were shown to counteract the increased free radical production inside the kidneys (12) . However, in the EGϩLE group, a decrease in renal GPx and Cat activities and serum vitamin E levels compared with the EG group was seen on day 3, while decreased renal MnSOD and Cu/ZnSOD activities were seen on day 14. These effects continued until day 42.
Enhanced deposition of blue formazan particles, as evidence of superoxide formation, were also seen on day 3 compared with the EG group at the same time point. These results clearly showed that the impaired antioxidant defense was aggravated by LE treatment, resulting in excessive superoxide formation. This may exacerbate the renal damage caused by hyperoxaluria and cause CaOx crystal deposition to occur earlier (on day 7) and be more marked on day 14 compared with the EG group.
In our previous study (12) , macrophage/monocyte infiltration contributed to increased oxidative stress in the kidneys of chronic hyperoxaluric rats. In this study, increased numbers of ED1-positive cells were found in the EGϩLE group on days 14 and 21, suggesting that macrophage/monocyte infiltration contributed to increased oxidative stress.
There are reports that vitamin E deficiency can induce monocytosis and stimulate monocytes to differentiate into macrophages (4) . Moreover, after acute CCl 4 intoxication, vitamin E supplementation can markedly reduce monocyte chemotactic protein-1 expression and the number of infiltrated monocytes/macrophages, thus reducing oxidative stress in the liver (20) .
Although there are no epidemiologic studies showing that vitamin E deficiency is a general phenomenon in chronic hyperoxaluric patients, there is a report showing that low serum vitamin E levels are seen in hyperoxaluric patients (29) . These patients have an imbalance in oxidant and antioxidant levels in peripheral blood and can be corrected to near normal levels by vitamin E supplementation. Vitamin E is the most http://ajprenal.physiology.org/ potent fat-soluble antioxidant in the chain reaction of removing free radicals, protecting membranes from free radical damage, and preventing lipid peroxidation (3, 4) . Vitamin E deficiency not only decreases renal antioxidant enzyme protein levels and activities but also enhances the differentiation of monocytes to macrophages (4, 29) and superoxide production by increasing NADPH oxidase expression (1). Furthermore, vitamin E deficiency can induce a proapoptotic response in lung cells and sensitize them to additional insult (27, 28) . This may be the reason why our EGϩLE rats showed more tubular cell damage, poor Ccr, and more CaOx deposition in the kidneys. In summary, this in vivo study confirmed findings in cell line studies (18, 24) that oxalate and CaOx crystals increase the production of free radicals in the kidneys and result in tubular damage and increased lipid peroxidation. However, in the chronic hyperoxaluric model, a low-vitamin E diet not only increases free radical production but also decreases activities and levels of renal antioxidative enzymes. Vitamin E supplementation reverses intrarenal oxidative stress and reduces the risk of tubular cell death and CaOx crystal formation in the kidneys.
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